Infiltration is gaining acceptance, and is even being encouraged, as a practical way to manage stormwater on site. To prevent potential groundwater contamination, though, tools are required to predict the potential for contamination due to this infiltration for many site conditions. Infiltration should be encouraged in areas having the least potential for causing groundwater contamination. Factors that influence contamination potential include the pollutant concentration in the runoff directed to the infiltration device (after any necessary pre-treatment) and the ability of the underlying soil to remove the pollutant. This paper presents two levels of modeling for predicting whether groundwater contamination is a concern and whether pre-treatment should be considered.
Introduction
With urbanization, the permeable soil surface area where infiltration and subsequent groundwater recharge has historically occurred, is reduced, while the available soils usually have their infiltration capacity dramatically reduced due to compaction. This has resulted in much less groundwater recharge and greatly increased quantities of surface runoff. In addition, the waters available for recharge carry increased quantities of pollutants compared to natural conditions. Infiltration has been viewed by the engineering community as a way to address the need to restore the natural hydrologic cycle and that will improve groundwater recharge. What is not available is good guidance on predicting whether infiltration is appropriate and what levels of pre-treatment are required prior to infiltration.
Much of the information presented in this paper was developed during research performed as part of a multi-year research project sponsored by the U.S. EPA (Pitt, et al. , 1995 (Pitt, et al. , and 1996 Clark and Pitt 1999) , including the development of a simple method for evaluating the potential for groundwater contamination resulting from infiltrating stormwater. Recent evaluations, using a computer-based vadose zone model, were performed as part of a Water Environment Research Foundation (WERF)-sponsored project on developing guidance for stormwater managers considering infiltration as a management practice (Clark, et al. 2006) . The complete description of these two levels of modeling, in addition to two case studies, is available in Clark and Pitt (2007) .
Infiltration Evaluation Methodology and Model Results
The design of an appropriately-functioning infiltration device, including the prevention of groundwater contamination, requires three steps: (1) determining the concentrations and forms of the pollutants entering and leaving the device; (2) determining the characteristics of the soil that affect water quality; and (3) predicting the potential for groundwater contamination. The goal of an effective screening methodology to evaluate groundwater contamination potential is to incorporate locally-derived data and the available body of research on stormwater quality and soils into an evaluation method that can be used to determine if stormwater infiltration is feasible at a site.
Step 1: Evaluate Pollutant Loadings and Chemical Forms Once it is determined which pollutants are found in the stormwater runoff for which infiltration is planned, an important consideration for fate and transport is whether or not pollutants of concern are associated with particulates or are in dissolved (ionic) or colloidal forms. Ionic/dissolved or colloidal pollutants are more likely to penetrate into the vadose zone and require a chemical interaction between the soil and the pollutant to prevent transport. Particulateassociated pollutants are more likely to be trapped on the infiltration device's surface, or in the near-surface soils.
Sources of Data for Pollutant Concentrations.
Using locally-derived data to evaluate the appropriateness of infiltration is preferable; however, there are often financial and time constraints that preclude local sampling. When local stormwater quality data is absent, using regional or land-use-specific data may be the best option. Many Municipal Separate Storm Sewer Systems (MS4s) have monitored their stormwater outfalls as part of their permitting process. Outfall data from the site's watershed may prove to be a valuable source of runoff characterization data, assuming the predominant watershed land use is similar to that of the site. Other sources include land-use-specific data cited in the literature. It has been well-documented that several land uses are more likely to generate specific pollutants of concern, e.g., hydrocarbons from highways and maintenance yards; metals from watersheds with substantial quantities of galvanized roofing; lawn care chemicals from well-maintained landscaped areas, etc.
When regional or land-use-specific data is absent, the data collected as part of the US EPA's stormwater permit program, and summarized in the National Stormwater Quality Database (NSQD), is available (Maestre and Pitt 2005) . The full database, including summary tables showing median concentrations for different land uses [industrial, commercial, residential, freeway, open space, etc.] , is located at http://unix.eng.ua.edu/~rpitt/Research/ms4/mainms4.shtml, along with several published papers describing the database features and example evaluations). The NSQD database can provide a first estimate of end-of-pipe concentrations of the pollutants of interest.
Step 2: Evaluation of the Soil for Infiltration Soil Chemical Characteristics. One important aspect of soils that affects pollutant movement is the soil's organic content, which ranges from less than 0.05% to greater than 80%, but is most often between 2 and 5%. Greater amounts of organic matter decrease the movement of many pollutants of concern through the soil. In addition, the multitude of microorganisms present in the vadose-zone soils fix nitrogen and degrade organic matter and various pollutants. A second important aspect is the pore volume between the grains, which may be filled with water or air.
Infiltration Rate and Capacity. The infiltration capacity of soil is the maximum rate at which infiltration can occur under specific conditions of soil moisture. The infiltration capacity of a soil depends on soil texture, the water content of the soil, its compaction (density), and the presence of macropores and cracks.
Step 3: Predicting Groundwater Contamination Potential Below Infiltration Basins The prediction of groundwater contamination potential can be very complex -depending on the concentration and form of the pollutant, the characteristics of the soil, and the rate at which water moves through the soil. Mobility is compound-specific and depends on the soil matrix (mostly the soil texture, and associated permeability, and organic content). Other soil characteristics, such as pH, also play an important role in pollutant movement.
Two types of models have been developed by the authors to assist stormwater managers with evaluating the potential for groundwater contamination. The first is a simplified method that links in a chart the mobility of the pollutant, the fraction in the filterable (dissolved) phase, and the concentration of the pollutant. This information is combined with the information on the soil type and general soil reactivity to provide a mobility class depending on the type of infiltration device used. The second method described uses a vadose-zone model, developed for predicting pollutant movement beneath a landfill. This model, unlike the simplified method, predicts pollutant concentrations in the groundwater at various depths in the vadose zone after different infiltration time periods, given input parameters of rainfall amount, soil chemistry, and pollutant concentrations of the infiltrating water.
Simplified Method for Predicting Groundwater Contamination
The Groundwater Recharge Committee of the National Academy of Science (Andelman, et al. 1994 ) examined risks associated with recharging groundwater with waste waters (including stormwater). General causes of concern included the following:
• High mobility (low sorption potential) in the vadose zone, • High abundance (high concentrations and high detection frequencies) in stormwater, and • High soluble fractions (small fraction associated with particulates that could be removed at the soil surface by straining, or by common sedimentation treatment).
It is possible to assess the need for pre-treatment to reduce the runoff pollutant loadings before infiltration. Results of that analysis (the simplified method predicting groundwater contamination potential) are shown in Clark and Pitt (2007) .
This simplified method is based on the following assumptions. The contamination potential is the most critical rating of the influencing factors. As an example, if no pretreatment was to be used before percolation through surface soils, the mobility and abundance criteria are most important. The filterable fraction is not as important since no pretreatment is being used. If sedimentation pretreatment is to be used before surface infiltration, then some of the pollutants will likely be removed before infiltration. In this case, all three influencing factors (mobility, abundance in stormwater, and soluble fraction) are important. If subsurface injection (with minimal pretreatment) is used, then only abundance is significant. If the pollutant is present in high concentrations, it will likely have an adverse effect on the groundwater. Attenuation through the vadose zone may be insignificant as the water would bypass it if using direct injection. Table 1 is only appropriate for initial estimates of contamination potential because of the simplifying assumptions made, such as the likely worst-case mobility conditions for sandy soils having low organic content. 
Computer Models to Predict Vadose Zone Contaminant Transport
Over the last fifteen years, computer models for the vadose zone have become readily available.
Many of these models were developed initially to predict plume migration beneath leaking landfills. They typically focused on the behavior of either organic or inorganic pollutants in the vadose zone. One model, SESOIL (Seasonal Soil compartment model), is capable of modeling both organic and inorganic pollutants (RISKPRO 2003; Clark, et al. 2006) .
As described earlier, the specific type of soil and its properties have a profound effect on the movement of water and pollutants. Three main properties were identified during modeling studies conducted by Clark, et al. (2006) : intrinsic permeability, organic content, and pH. Other factors beyond the soil itself also affect pollutant movement and groundwater contamination potential, including pollutant concentrations of the infiltrating water, rainfall, and vadose zone thickness. The primary objective of the research conducted by Mikula (2005) and Clark, et al. (2006) was to determine which controlling factors have the greatest influence on the movement of zinc and sodium chloride in the vadose zone beneath a typical infiltration device. A case study illustrating the use of a vadose zone model can be found in Clark and Pitt (2007) .
Conclusions and Recommendations
Many types of stormwater infiltration approaches have been used in urban areas to decrease surface discharges of stormwater and restore groundwater recharge. The most common include the following:
• Surface infiltration devices (e.g., grass filters, grass-lined drainage swales, percolating basins, bioretention/biofiltration cells) -infiltration occurs through turf and surface soils, providing the best opportunity for pollutant trapping in the surface soils and vadose zone. The devices listed below discharge stormwater below organic soils, allowing increased pollutant movement to the groundwater.
• French drains or soak-aways (e.g., source area infiltration pits, roof runoff infiltration pits)
• Porous pavements or grid pavers When selecting the appropriate infiltration device for a site (or for determining whether infiltration is a viable option), it is crucial to evaluate the potential for groundwater contamination below the device. As described above, the prediction of the vulnerability of groundwaters to contamination from surface water infiltration is a three-step process. The first step is determining the pollutants of concern and the concentrations and chemical forms of these pollutants. The stormwater pollutants of most concern (those that may have the greatest potential adverse impacts on groundwaters) include the following:
• Nutrients -possibly nitrates in areas having high stormwater nitrate concentrations;
• Pesticides -Lindane and chlordane;
• Other organics -1,3-dichlorobenzene;
• Pathogens -Enteroviruses and possibly other pathogens, including Shigella, Pseudomonas aeruginosa, and various protozoa;
• Heavy metals -Nickel and zinc, followed by chromium and lead.
• Salts -Chloride in northern areas where de-icing salts are used for traffic safety.
Identifying the soil characteristics for a particular site affecting pollutant migration is the second step. The information required includes the following:
• Soil texture -Sand, silt, clay, loam, or a combination of these The third step requires using the information determined in the first two steps to predict the potential for groundwater contamination. Two approaches were described in detail in Clark and Pitt (2007) .
In general, to prevent groundwater contamination below infiltration devices, surface devices (such as grass swales, bioretention/biofiltration cells, and percolation ponds) that have a substantial depth of underlying organic-rich soils above the groundwater, are preferable to using subsurface infiltration devices (such gravel trenches or French drains, and especially injection wells), unless the runoff water is known to be relatively free of pollutants. Infiltration of stormwater from residential areas is also safer than from more contaminated areas, unless suitable pre-treatment is used. Pre-treatment to remove solids and particulate-associated pollutants will also reduce the required maintenance frequency of the infiltration component of the treatment train.
